Abstract: A simultaneous all-optical channel aggregation and de-aggregation scheme is proposed for two 8QAM modulation formats by employing four-wave mixing (FWM) in highly nonlinear fiber. The scheme consisting of two FWM processes is simple without photoelectric conversion, which is promising to improve efficient use of the fiber resources in elastic optical networking. The feasibility of the scheme has been confirmed by the inputoutput constellations and waveforms. System performance is also studied as a function of the optical signal-to-noise ratio of the two 8QAM signals. Finally, some potential application scenarios have also been discussed based on the same setup.
Introduction
Elastic optical networking (EON) is a promising network architecture which enables flexible optical layer switching and networking [1] . It has the advantage to allocate dynamically spectrum resource by adapting to the data rate for each given traffic demand. However, for each low-speed traffic demand, it is impractical to establish an end-to-end independent optical path due to the limitation of the number of optical channels in the fiber.
Channel aggregation and de-aggregation are playing important roles in EON, which are the key technologies to realize high efficient spectrum utilization [2] . A single high-speed channel for long haul can be established at the source network node by aggregating multiple low-speed traffic channels. Inverse conversion at the destination node will be achieved by de-aggregation, so that these low-speed traffic data can be recovered and sent to their own receivers. By this way, aggregation and de-aggregation functions improve efficient use of the fiber resources in EON by freeing up low-speed optical paths.
Advanced modulation formats with high spectral efficiency, such as multilevel phase shift keying (MPSK) and quadrature amplitude modulation (QAM), have been exploited widely to meet the demand in growing communication traffic, which require their aggregation and de-aggregation. However, conventional aggregation and de-aggregation are commonly performed in the electrical domain, which bring a higher cost to handle with ultrahigh speed signal with photoelectric conversion equipment.
To overcome the issue, various all-optical methods are proposed based on fiber nonlinear effects. For example, some optical aggregations have been demonstrated such as multiple on-off keying (OOK) signals to a MPSK signal [3] , two quadrature phase shift keying (QPSK) signals to a 16-ary quadrature amplitude modulation (16QAM) signal [4] , a QPSK and amplitude and phase shift keying (APSK) to an 8QAM signal [5] , and four OOK signals to a polarization division multiplexing (PDM) QPSK signal [6] . Meanwhile, optical de-aggregation has also been studied. A QPSK signal can deaggregate to two BPSK signals using four-wave mixing (FWM) [7] or phase sensitive amplification (PSA) [8] - [11] . A 16QAM signal can de-aggregate to two 4-pulse amplitude modulation (PAM) signals [12] , [13] or two QPSK signals [14] . However, these methods are partly focus on optical aggregation or de-aggregation, the corresponding inverse function has not been finished.
Recently, few all-optical complete approaches are proposed. For instance, simultaneous optical aggregation for QPSK and corresponding optical de-aggregation to the two original BPSK signals are demonstrated in a bidirectional architecture [15] . In addition, another optical aggregation for 8QAM [16] and the corresponding de-aggregation to QPSK and OOK [17] by semiconductor optical amplifier (SOA) and optical threshold device have been reported. The study on 8QAM is quite attractive that the modulation format has been renowned as a candidate for 400G optical transport network [18] . Unfortunately, optical aggregation and de-aggregation for 8QAM are realized respectively so that the whole system performance can not be evaluated. Moreover, the proposed method is complicated with active SOA and impractical with theoretical optical thresholder, which is the limitation for practical application in EON.
Although our previous method [19] can realize 8QAM channel de-aggregation to recover original aggregated signals, it has yet been for one 8QAM format and only de-aggregation performance is analyzed. In this paper, we design all-optical channel aggregator and de-aggregator for two 8QAM modulation formats. The incoming 10-Gbps amplitude shift keying (ASK) signal and 20-Gbps QPSK signal can be aggregated to different 30-Gbps 8QAM signals by FWM in highly nonlinear fiber (HNLF). Subsequent de-aggregation function will be executed to recover the original QPSK signal and ASK data simultaneously on the same mechanism. Both functions are realized in the optical domain without conventional photoelectric conversion. Finally, the whole setup performance is evaluated with the varying optical signal-to-noise ratio (OSNR) of the two 8QAM formats.
Operation Principle

Optical Channel Aggregator
The proposed optical channel aggregator is achieved through a FWM process in HNLF, whose operation principle is schematically illustrated in Fig. 1 . The principle is extended from the previous study [5] to apply to two 8QAM formats. Moreover, in our setup, one QPSK signal and one ASK signal different from unique APSK signal are used for aggregation.
In the degenerate FWM process, the converted 8QAM signals satisfy the relations [5] :
where subscripts .1 , .2 and .3 represent the QPSK, ASK and 8QAM signals respectively. A and ϕ are the amplitude and phase of the corresponding signals respectively. Term k 1 (w 2 − w 1 ) describes the conversion efficiency. ϕ represents the phase difference between two levels of 8QAM signal caused by cross phase modulation (XPM) effect and follows: where γ is the nonlinear parameter of the HNLF, L eff is the effective interaction length of the HNLF, and power P h and P l corresponds to two levels of the ASK signal. When ASK signal power is small, power difference can be neglected and ϕ ≈ 0. The corresponding aggregated 8QAM1 format with four phase states is shown as Fig. 1(c) . When ASK signal power is big, power difference can be adjusted with ϕ = π/4 to obtain 8QAM2 format with eight phase states in Fig. 1(d) .
Optical Channel De-Aggregator
The de-aggregator is designed at the destination node to recover the original ASK and QPSK data from the aggregated 8QAM signals. Therefore, both low-speed traffic can be received by their own users respectively.
For two 8QAM formats, according to (1) and (2), the information of ASK signal is on the amplitude of 8QAM signals since the amplitude of the QPSK signal A 1 is a constant. Therefore, the original ASK data can be recovered by eliminating the phase information of 8QAM. Similarly, the information of QPSK signal is related with the phase of 8QAM, but independent of the amplitude of 8QAM since the phase of the ASK signal ϕ 2 is a constant. Therefore, the original QPSK signal can be recovered by eliminating both the amplitude information of 8QAM and the phase difference ϕ caused by XPM effect.
The de-aggregator is designed and applicable for two 8QAM formats as depicted in Fig. 2 . The aggregated 8QAM signal (8QAM1 or 8QAM2) and a continuous wave (CW) as a pump are used for a saturated FWM process, then QPSK signal and ASK data can be recovered simultaneously. For QPSK signal, conjugated signal of 8QAM is selected. The corresponding optical phase and amplitude are expressed as:
where A p and ϕ p are the amplitude and phase of pump respectively. Similarly, ϕ represents the additional phase difference between two levels of conjugated signal caused by XPM effect from the input 8QAM and term k 2 (w 3 − w 4 ) describes the FWM conversion efficiency. According to (4), the phase difference ϕ, which causes two 8QAM formats in aggregation stage, can be canceled with ϕ in the de-aggregation stage. ϕ p and ϕ 2 are the static phase shift on conjugated signal. Therefore, the phase pattern of the conjugated signal is identical to the original QPSK signal ϕ 1 . According to (5), the conjugated signal has two amplitude levels due to the amplitude A 3 of 8QAM. Our proposal to equalize the signal amplitudes is to operate FWM process in saturation. As illustrated in Fig. 3(a) , there are two power transfer function curves corresponding to two recover processes from two 8QAM formats to QPSK. Adjusting the input power of the 8QAM signal and pump so as to obtain the same output power levels for conjugated signals along with different phase shift ϕ (0 or π/4) respectively. Therefore, the two amplitude states of conjugated signal will overlap and its phase states are identical to the original QPSK signal ϕ 1 with ϕ = ϕ . The recover processes are also depicted by the change of the signal constellations for both 8QAM signals as shown in Fig. 3(b) and Fig. 3(c) respectively. For ASK signal, as shown in Fig. 2 , the second harmonic of 8QAM is selected. The corresponding optical phase and amplitude are expressed as:
According to (6) , the second harmonic is generated from the 8QAM by a cascaded FWM process and the term k 3 (w 3 − w 4 ) in (7) describes its conversion efficiency. Similarly, ϕ represents the additional phase difference between two levels of second harmonic caused by XPM effect from the input 8QAM. It also has two values of 0 and π/4 corresponding to 8QAM1 and 8QAM2 respectively in the de-aggregation stage. Actually, to recover ASK signal, the phase information of 8QAM1 ( Fig. 2(a) ) can be eliminated with the fourth harmonic (4ϕ 3 ). However, we select the second harmonic PAM4 signal ( ϕ ≈ 0 ) as the 'ASK1' signal ( Fig. 2(d) ). The benefit is that the PAM4 can be received as the ASK signal, since that the final phase eliminating can be finished by receiver with photoelectric detection. Similarly, for 8QAM2 ( Fig. 2(b) ), second harmonic 4QAM signal ( ϕ =π/4) rather than the eighth harmonic (8ϕ 3 ) is selected. The 4QAM signal will be received as the 'ASK2' signal shown in (Fig. 2(e) ). Moreover, according to (1) and (7), both recovered 'ASK' signals (A 6 ) have a larger symbol distance than the input ASK signal (A 2 ). By the way, for both output 8QAM signals after the saturated process, their amplitude information will also be almost eliminated like the conjugated signal. However, the saturated condition is only suitable for the 8QAM signal and its conjugation, but not for the second harmonic [20] . That is the reason to recover the original ASK signal by detecting the second harmonic rather than the output 8QAM. Fig. 4(a) shows the whole simulation setup of channel aggregation and de-aggregation for two 8QAM modulation formats.
Setup and Results
At the transmitter an original 20-Gbps QPSK signal is generated by modulating a CW laser of 5 KHz linewidth at 192.9 THz with 2 15 − 1 pseudo-random binary sequence (PRBS). The power of QPSK is amplified via an erbium-doped fiber amplifier (EDFA) to 6.2 mW. Another 10-Gbps ASK signal is modulated by 2 15 − 1 PRBS at 193 THz. Both signals are combined and launched into HNLF1 simultaneously. For the 8QAM1 aggregator, the power of ASK is adjusted as small as 2.8 mW. For the 8QAM2 aggregator, the power of ASK is adjusted as big as 33 mW. The employed HNLF1 has a nonlinear coefficient of 13 W −1 /km, length L = 2500 m, and zero-dispersion wavelength (ZDW) at 193.1 THz with its slope of zero. The optical spectrum of the output of HNLF1 corresponding to 30-Gbps 8QAM2 as an example is given in Fig. 4(b) . An band pass filter (BPF) with 3-dB bandwidth of 0.32 nm at 193.1 THz is inserted after HNLF1 to filter the aggregated 8QAM signal. After the aggregator, the 8QAM signal is transmitted for link transmission. To simulate the practical situation of the signal transmitting in fiber links, we set the OSNR at node A in Fig. 4 by adding amplifier spontaneous emission (ASE) noise to the signal. At the de-aggregator part, the 8QAM signal together with a CW at 193 THz is fed into HNLF2, which has the same parameters as HNLF1, except the length of 1.5 km. Adjusting the input power of the 8QAM signal and pump respectively to recover the original signals, whose parameters have been measured and illustrated in Fig. 3(a) . For incoming 8QAM1, the CW power is 1.5 W and the 8QAM peak power is much lower: 1 mW for the first amplitude level and 4 mW for the second one. The power of recovered QPSK and 'ASK1' signals are 324 mW and 131 mW respectively. For incoming 8QAM2, the CW power is 0.2 W and the 8QAM peak power is much higher: 7.4 mW for the first amplitude level and 28.5 mW for the second one. The power of recovered QPSK and 'ASK2' signals are 50 mW and 19.4 mW respectively. The optical spectrum of the output of HNLF2 corresponding to 30-Gbps 8QAM2 is also shown in Fig. 4(c) . As for 30-Gbps 8QAM1, these parameters such as frequency and bandwidth in optical spectrums at the outputs of HNLF1 and HNLF2 are the same with 8QAM2, and only the power parameter is different. Two BPFs are centered at 192.9 THz and 192.8 THz respectively to filter the QPSK signal and 'ASK' signal. Finally, the de-aggregated signals are received by their own receivers.
When no noise is added to the link, constellations of the input-output QPSK signals and waveforms of input-output ASK data for 8QAM1 and 8QAM2 in the simulation setup are displayed respectively in Fig. 5(a) and Fig. 5(b) . The results shows the feasibility of simultaneous all-optical channel aggregation and de-aggregation for two 8QAM modulation formats with the proposed architecture.
To further study the dependence of the system performance over the link noise, ASE noise is added to the 8QAM signal by setting the OSNR at node A in Fig. 4 . Fig. 6 presents system BER performance with the varying OSNR of two 8QAM formats by error counting. Two 10-Gbaud back-to-back (B2B) ASK and QPSK signal, which have the same input OSNR as 8QAM, are taken into consideration for reference. As shown in Fig. 6(a) , comparing with the B2B signals, we can observe 1 dB OSNR penalty at BER of 3.8 × 10 −3 for recovered QPSK but 4.6 dB OSNR improvement for recovered ASK. The former is mainly caused by the phase and intensity noise during the FWM processes, while the latter is mainly benefited from a larger symbol distance than B2B ASK. Comparing 8QAM1 with the recovered signals, the required OSNR for 8QAM1 is 14 dB on the FEC threshold, while the required OSNRs reduces to 10.5 and 12.4 dB for QPSK and ASK respectively. The OSNR improvement is mainly attributed to the reduced bit rate and the enlarged symbol distance after the de-aggregation. For error-free recover, the BER of the recovered QPSK and ASK signals should be below the FEC threshold with OSNR of 8QAM1 over 12.4 dB.
The BER performance of the system corresponding to 8QAM2 format is a little different from 8QAM1 as shown in Fig. 6(b) . On one hand, the required OSNR for 8QAM2 is 12 dB at BER of 3.8 × 10 −3 , which has 2 dB OSNR improvement than 8QAM1 due to the enlarged symbol distance. On the other hand, comparing with the recovered signals from 8QAM1, the required OSNRs for recovered signals from 8QAM2 on the FEC threshold are 11.6 and 13 dB, increasing by 1.1 and 0.6 dB respectively. The extra noise can be explained by the reason that the XPM effect employed in 8QAM2 aggregation is not completely counteracted in 8QAM2 de-aggregation stage. Similarly, the OSNR of 8QAM2 should be over 13 dB for error-free recover.
Conclusions
We design a simultaneous all-optical channel aggregation and de-aggregation system for two 8QAM modulation formats. The feasibility of the whole scheme is confirmed by the input-output constellations and waveforms. For error-free recover of the low-speed data, the OSNR of 8QAM1 and 8QAM2 should be over 12.4 and 13 dB respectively. Furthermore, the proposed scheme has also several possible applications in EON. The single optical aggregator can be used as an optical modulator of high-speed 8QAM formats. In comparison with conventional IQ modulators driven by multilevel electrical signals, multiple modulator combinations can release the device bandwidth requirement. Moreover, the single de-aggregator has potential application to enhance the security of communication. The information from one user can be de-aggregated into two tributaries, and they can propagate using multi-core fibers on different spatial paths. Reliable communication is allowed only when both signals are simultaneously detected. In conclusion, these functions are promising to enhance network spectral efficiency, flexibility and security in EON.
